The thermoacidophile Acidianus is widely distributed in Yellowstone National Park hot springs that span large gradients in pH (1.60 to 4.84), temperature (42 to 90°C), and mineralogical composition. To characterize the potential role of flexibility in mineral-dependent energy metabolism in contributing to the widespread ecological distribution of this organism, we characterized the spectrum of minerals capable of supporting metabolism and the mechanisms that it uses to access these minerals. The energy metabolism of Acidianus strain DS80 was supported by elemental sulfur (S 0 ), a variety of iron (hydr)oxides, and arsenic sulfide. Strain DS80 reduced, oxidized, and disproportionated S 0 . Cells growing via S 0 reduction and disproportionation did not require direct access to the mineral to reduce it, whereas cells growing via S 0 oxidation did require direct access, observations that are attributable to the role of H 2 S produced by S 0 reduction/disproportionation in solubilizing and increasing the bioavailability of S 0 . Cells growing via iron (hydr)oxide reduction did not require access to the mineral, suggesting that the cells reduce Fe(III) that is being leached by the acidic growth medium. Cells growing via oxidation of arsenic sulfide with Fe(III) did not require access to the mineral to grow. The stoichiometry of reactants to products indicates that cells oxidize soluble As(III) released from oxidation of arsenic sulfide by aqueous Fe(III). Taken together, these observations underscore the importance of feedbacks between abiotic and biotic reactions in influencing the bioavailability of mineral substrates and defining ecological niches capable of supporting microbial metabolism. IMPORTANCE Mineral sources of electron donor and acceptor that support microbial metabolism are abundant in the natural environment. However, the spectrum of minerals capable of supporting a given microbial strain and the mechanisms that are used to access these minerals in support of microbial energy metabolism are often unknown, in particular among thermoacidophiles. Here, we show that the thermoacidophile Acidianus strain DS80 is adapted to use a variety of iron (hydro)oxide minerals, elemental sulfur, and arsenic sulfide to support growth. Cells rely on a complex interplay of abiologically and biologically catalyzed reactions that increase the solubility or bioavailability of minerals, thereby enabling their use in microbial metabolism.
M icrobial life in high-temperature hot-spring environments (Ͼ73°C) is supported by chemical sources of energy (1-4) supplied primarily by volcanic degassing (volatiles) and water-rock interactions (solutes and volatiles) (5) (6) (7) . The amount of and variability in the composition of chemical sources of energy in hot springs are dependent on processes that take place deep in the subsurface as well as those that take place near the surface (8) . The subsurface process of decompressional boiling of ascending hydrothermal fluids and separation of this fluid into a vapor phase and a liquid phase can markedly influence the geochemical composition of hydrothermal fluids (9) (10) (11) (12) . Partitioning of hydrogen sulfide (H 2 S) into the vapor phase, interaction of this H 2 S-enriched vapor with infiltrating near-surface oxygen (O 2 )-rich meteoric fluids, and aerobic oxidation of H 2 S to elemental sulfur (S 0 ) and ultimately to sulfuric acid are thought to drive the development of acidic spring waters (9, (11) (12) (13) . In turn, these acidic waters are more effective in leaching minerals from subsurface bedrock than circumneutral to alkaline liquid-phase-influenced waters, which can further influence the geochemical composition of fluids and the availability of electron donors and acceptors (9, 11, 14, 15; Variation in the availability of electron donors and acceptors, in both soluble and insoluble (mineral) forms, drives variation in the taxonomic and functional compositions of chemotrophic hot-spring communities (13, (16) (17) (18) (19) (20) ; Lindsay et al., submitted). Redox-active minerals that can support microbial metabolism in hot-spring environments include S 0 (16, (21) (22) (23) that is formed from the incomplete near-surface oxidation of H 2 S (8, 13, 21, 24, 25) . S 0 is generally more common in acidic hot springs (20, 22) , since these springs are influenced to a greater degree by vapor-phase input that is enriched in H 2 S relative to liquid-phase input (12) . Numerous reports have demonstrated the use of S 0 as an electron donor (26) (27) (28) or as an electron acceptor (22, 23, (27) (28) (29) in supporting the metabolism of thermophilic microorganisms in hot-spring environments. Far less is known of the role of S 0 when it serves as both electron donor and electron acceptor for microbial metabolism in a process termed S 0 disproportionation (30) (31) (32) (33) (34) (35) . To our knowledge, only one thermophilic bacterium with the ability to disproportionate S 0 has been described to date (33) . All other reported organisms capable of growth via S 0 disproportionation are mesophilic neutrophiles within the bacterial domain (30) (31) (32) (33) (34) (35) .
In addition to S 0 , minerals capable of supporting microbial metabolism that are common in hot springs include a variety of iron (hydr)oxides (21, 25, (36) (37) (38) (39) (40) , which result from the near-surface oxidation of ferrous iron [Fe(II)] with oxygen (41, 42) . Fe(II) and ferric iron [Fe(III)] are more soluble in acidic waters (43) and are enriched in many acidic hot springs (see Fig. S1B and C, respectively, in the supplemental material) (15) . As such, many acidic springs have iron (hydr)oxide depositional zones resulting from oxidation of Fe(II) (21, 25, 41, 42, 44) . Despite these observations, only a few thermoacidophiles have been shown to couple Fe(III) reduction to growth under hightemperature acidic conditions (27, (45) (46) (47) . Moreover, it is not known whether these thermoacidophiles reduce solid-phase iron (hydr)oxides or whether they reduce Fe(III) released by acid-promoted dissolution of these minerals.
Other redox-active minerals that are common in hot-spring environments include arsenic sulfides such as realgar (␣-As 4 S 4 ) and orpiment (As 2 S 3 ) that can result from the precipitation of soluble arsenic (As) by H 2 S (48, 49) . Soluble As (see Fig. S2A , B, and C in the supplemental material) (15) and arsenic sulfides have been detected across a broad range of hot springs with variable pH (49) (50) (51) (52) . Numerous studies have shown the ability of microorganisms to oxidize and reduce soluble As in hot-spring environments and couple this activity to growth (25, 42, (53) (54) (55) . However, we are unaware of any microorganism, thermophilic or otherwise, that has been demonstrated to oxidize mineral forms of As, such as ␣-As 4 S 4 or As 2 S 3 , and couple this to growth.
We previously isolated a thermoacidophilic crenarchaeote belonging to the Acidianus genus from an acidic hot spring known as "Dragon Spring," Norris Geyser Basin (NGB), Yellowstone National Park (YNP), Wyoming, USA, and designated this strain DS80 (27) . Our prior partial physiological characterization indicates that strain DS80 displays versatility in lithotrophic energy metabolism involving hydrogen (H 2 ) or S 0 as electron donors and S 0 or soluble/mineral forms of Fe(III) as electron acceptors (27; M. J. Amenabar, D. R. Colman, S. Poudel, E. E. Roden, and E. S. Boyd, submitted for publica-tion). The demonstrated ability of this strain to couple the iron, sulfur, hydrogen, and carbon cycles in overlapping ways in addition to the global distribution of Acidianus in thermal environments (56) suggests that the activity of strain DS80 is likely to have an important role in modulating the geochemistry of hot-spring environments. However, aside from Fe(III) and S 0 , the spectrum of mineral-based substrates that can support growth of DS80 was not determined. Thus, despite the ability of strain DS80 to respire several solid-phase Fe(III) and S 0 minerals, key questions remain unanswered, including how these cells access these mineral substrates to support their metabolism. Specifically, it is not known how cells couple redox reactions that involve multiple solid-phase minerals when they serve as electron donor and acceptor [e.g., coupling S 0 oxidation to iron (hydr)oxide reduction].
In this study, we determined the distribution of strain DS80 across pH, temperature, and mineralogical gradients in 73 hot springs in YNP. The widespread distribution of this strain in hot-spring sediments that contained various combinations of S 0 , iron (hydr)oxides, and arsenic sulfides prompted additional physiological studies aimed at further characterizing the flexibility in the mineral-dependent energy metabolism of strain DS80. Specifically, we aimed to determine which of the solid-phase minerals that are commonly detected in acidic hot-spring environments [i.e., S 0 , iron (hydr)oxides, and ␣-As 4 S 4 ] can support growth of DS80. Moreover, we aimed to characterize the mechanisms involved in accessing these mineral substrates. The results suggest that flexibility in the mineral-dependent metabolism of strain DS80, combined with feedbacks between abiotic and biotic processes that increase the bioavailability of minerals, may contribute to the widespread distribution of this strain in low-pH hot-spring habitats with differing mineralogical compositions.
RESULTS
Distribution of Acidianus spp. in YNP hot springs. Primers specific for the amplification of sor from Acidianus spp. were used to determine the distribution of this gene as a proxy for Acidianus in sediments sampled from 73 hot springs that spanned a pH gradient from 1.60 to 9.27 and a temperature range from 21.1°C to 90.1°C. sor amplicons were detected in DNA extracts from 18 of the 73 samples, all of which had acidic pH (Ͻ4.9) and elevated temperatures (Ͼ42°C) (Fig. 1 ). The 18 samples were collected from hot springs from geographically distinct locations in YNP, including the One Hundred Springs Plain area of NGB, Crater Hills (CH), Geyser Creek, the Obsidian Pool area, the Sylvan Spring area, and the Nymph Lake (NL) area. These sediments visibly contained various combinations of S 0 , iron (hydr)oxides, and/or arsenic sulfides (e.g., see Fig. S3 in the supplemental material). This suggested the potential use of these minerals by Acidianus spp. Moreover, these results indicate that Acidianus spp.
have a broad ecological distribution that potentially spans a pH gradient of 1.60 to 4.84, a temperature gradient of 42.3°C to 89.7°C, and a gradient in the availability of redox-active mineral substrates.
Since sor amplicons were not sequenced, we cannot confirm their relationship to strain DS80. However, to confirm that Acidianus spp. were present and viable in YNP springs where sor amplicons were detected, dilution-to-extinction serial enrichments were conducted with sediments sampled from a subset of springs using anoxic mineral salts growth medium amended with H 2 as an electron donor and S 0 as an electron acceptor with CO 2 as a carbon source. Positive enrichments were obtained from sediments sampled from all 5 of the springs where enrichments were performed. These include an arsenic hydrous ferric oxide-and S 0 -rich spring in NGB informally called "Dragon Spring" (25) ( Fig. S3A ), two unnamed S 0 -and Fe-rich springs in NGB ( Fig. S3B and C), an S 0 -rich spring in NL informally called "NL_2" (20) (Fig. S3D) , and an S 0 -rich spring in CH informally called "Alice Spring" (57) (Fig. S3E ). The pH, temperature, global positioning system coordinates, and images of each spring are reported in Fig. S3 . Serial passage of these enrichments, in combination with dilution to extinction, resulted in cultures with a single morphotype. Sequencing of 12 archaeal clones from each of the five cultures yielded closely related 16S rRNA gene phylotypes. 16S rRNA gene sequences from the 5 cultures ranged from being 99% to 100% identical to the 16S rRNA gene from Acidianus hospitalis (accession number CP002535). We used the culture isolated from Dragon Spring (NHSP042), designated strain DS80 (27; Amenabar et al., submitted), which has a 16S rRNA gene (accession number KX608545) that is 100% identical to that from A. hospitalis, in the physiological studies described below.
Despite the sequence identity of the 16S rRNA gene and a close phylogenomic relationship between strain DS80 and A. hospitalis (Amenabar et al., submitted) , key differences exist between their genomes that likely drove their divergence and influence their respective ecologies. Among these are genes encoding an uptake [NiFe]hydrogenase and a sulfur reductase complex in the strain DS80 genome but not in the A. hospitalis genome (58) . The presence of these genes in the DS80 genome is consistent with the ability of strain DS80 to conserve energy with the H 2 /S 0 redox couple (27; Amenabar et al., submitted) .
Surface requirement for mineral-dependent growth. The abilities of minerals such as S 0 , iron (hydr)oxides, and arsenic sulfides to support growth and the requirement for access to mineral surfaces by strain DS80 when these minerals are supplied as electron donors or acceptors, or both, were determined. Cells of strain DS80 were capable of coupling S 0 reduction with H 2 as the electron donor under autotrophic growth conditions, and this reaction supported cell growth ( Fig. 2A and B ). H 2 /S 0 -grown DS80 cells reduced S 0 when it was sequestered in dialysis tubing with different pore sizes, indicating that physical contact with bulk solid-phase S 0 was not necessary. Moreover, rates of growth and activity were dependent on the dialysis membrane pore size, with higher rates detected when S 0 was sequestered in dialysis membranes with larger pores. This suggests that the sulfur compound that is serving as an electron acceptor exhibits a distribution of particle sizes, which is similar to observations made previously for the thermoacidophilic sulfur reducer Acidilobus sulfurireducens (23). This interpretation is further supported by previous abiotic experiments that showed that S 0 nanoparticles coarsen rapidly over short periods of time (59) (see Discussion for more details).
Specific growth yields, or the number of cells produced per mole of product produced, when strain DS80 was cultivated with direct access to S 0 or when S 0 was sequestered in dialysis membranes were not significantly different (Table 1) . Generation times, calculated during log-phase growth, were 25.7 Ϯ 5.7 h when cells were provided access to S 0 , whereas they were 40.4 Ϯ 2.2 h and 178.9 Ϯ 77.3 h when S 0 was sequestered in dialysis tubing with pore sizes of 12 to 14 kDa and 6 to 8 kDa, respectively. It is not clear that cells grown with S 0 sequestered in dialysis membranes with the restricted pore size of 6 to 8 kDa entered log-phase growth, which may indicate that rates of cell death nearly balance rates of cell production in these cultures. Moreover, the final cell densities were 41% and 68% lower when S 0 was sequestered in dialysis tubing with pore sizes of 12 to 14 kDa and 6 to 8 kDa, respectively, than when cultures were grown with S 0 in the bulk medium. These results suggest that the sulfur compound that supports growth of DS80 is soluble and that this compound limits growth.
Strain DS80 was capable of coupling S 0 oxidation with Fe(III) as ferric sulfate serving as electron acceptor under autotrophic growth conditions, and this reaction supported production of cells ( Fig. 3A and B ). However, growth was not observed when cells were grown with S 0 and Fe(III) when S 0 was sequestered in dialysis tubing. Thus, in contrast to cells reducing S 0 , cells oxidizing S 0 apparently require direct physical contact with the mineral to catalyze its oxidation.
Strain DS80 was capable of S 0 disproportionation under autotrophic growth conditions, and this reaction supported production of cells ( Fig. 4A to C). The concentration of total sulfide, the concentration of sulfate, and the density of cells increased concurrently in cultures of strain DS80 grown with S 0 as the sole electron donor and acceptor. S 0 was disproportionated to hydrogen sulfide (H 2 S) (4.95 Ϯ 1.12 mol at the end of exponential phase) and sulfate (SO 4 2Ϫ ) (1.36 Ϯ 0.10 mol at the end of exponential phase) at a stoichiometry close to 3 mol sulfide (3.67 Ϯ 1.05) per mol of sulfate produced. This stoichiometry agrees with that predicted from the equation
Cells growing via S 0 disproportionation, like those growing via S 0 respiration, did not require direct physical contact with the mineral to catalyze its simultaneous oxidation to SO 4 2Ϫ and reduction to H 2 S ( Fig. 4A to C). The generation time (calculated during log-phase growth) of cultures disproportionating S 0 when provided direct access to the mineral was 23.6 Ϯ 1.0 h, whereas it was 47.2 Ϯ 1.8 h and 112.3 Ϯ 5.6 h when S 0 was sequestered in dialysis membranes with pore sizes of 12 to 14 kDa and 6 to 8 kDa, respectively (Table 1) . Like for cells reducing S 0 , the decrease in growth rate when S 0 was sequestered in dialysis membranes with smaller pore sizes suggest that the soluble sulfur compound that serves as electron acceptor and electron donor exhibits a size distribution. Cells of strain DS80 reduced Fe(III) with H 2 as an electron donor under autotrophic growth conditions, and this reaction supported cell production. Cells grew with ferrihydrite sequestered in dialysis membranes ( Fig. 5A and B ), indicating that DS80 cells do not require direct access to this solid-phase mineral to use it as an electron acceptor. However, differences in growth kinetics and Fe(III) reduction activity were observed when cells were allowed direct contact with ferrihydrite compared to when ferrihydrite was sequestered in dialysis membranes. While the growth yield, or the amount of iron reduced per cell produced, did not vary significantly between growth conditions (all P values were Ͼ0.05) (Table 1) , cells provided with direct access to ferrihydrite exhibited log-phase growth. In contrast, cultures grown with ferrihydrite sequestered in dialysis membranes did not appear to enter a log phase of growth, which may be due to limited availability of Fe(III). Like for cells growing with sequestered S 0 , this may indicate that rates of cell death nearly balance those of cell production in cultures provided with sequestered ferrihydrite.
The generation time (calculated during log-phase growth) of cultures provided direct access to ferrihydrite was 74.8 Ϯ 2.8 h, whereas the generation times of cultures grown with ferrihydrite sequestered in dialysis tubing with a pore size of 12 to 14 kDa or 6 to 8 kDa were 156.8 Ϯ 37.8 h and 121.2 Ϯ 57.7 h, respectively. The observation that the rates of iron reduction and generation times of cultures provided with ferrihydrite sequestered in dialysis tubing with a pore size of 12 to 14 kDa or 6 to 8 kDa were not significantly different (P ϭ 0.32) indicates that the soluble form of Fe(III) that is being reduced does not exhibit a size distribution over this size range.
Preliminary experiments showed that the oxidation of soluble As(III) (supplied as NaAsO 2 ) supported growth of DS80 growth under aerobic and anaerobic conditions with Fe(III) as an electron acceptor (data not shown). This observation, in addition to qualitative (visual) evidence for the presence of arsenic sulfide minerals in spring sediments where Acidianus spp. were detected ( Fig. 1) and where they were isolated ( Fig. S3 ), prompted studies aimed at determining whether cells could use arsenic sulfides such as realgar (␣-As 4 S 4 ) as an electron donor. Autotrophic growth was observed when cultures were provided with ␣-As 4 S 4 as an electron donor and Fe(III) (supplied as ferric sulfate) as an electron acceptor ( Fig. 6A, B , and C). Cells were not able to grow with ␣-As 4 S 4 as an electron donor and O 2 as an electron acceptor under autotrophic conditions (data not shown). With Fe(III) as an electron acceptor, cells were capable of growth when ␣-As 4 S 4 was sequestered in dialysis membranes. This indicates that DS80 cells do not require direct access to this solid-phase mineral to use it as an electron donor. Growth yields, or the number of cells produced per mole of As(V) produced, when strain DS80 was cultivated with direct access to ␣-As 4 S 4 or when ␣-As 4 S 4 was sequestered in dialysis membranes with different pore sizes were not significantly different (Table 1) . Generation times (calculated during log-phase growth) were 61.1 Ϯ 6.8 h when cells were provided direct access to ␣-As 4 S 4 , whereas they were 73.0 Ϯ 3.0 h and 76.0 Ϯ 1.7 h when ␣-As 4 S 4 was sequestered in dialysis tubing with pore sizes of 12 to 14 kDa and 6 to 8 kDa, respectively. The observation that rates of ␣-As 4 S 4 oxidation and generation times were not significantly different (P ϭ 0.31 and 0.12, respectively) in cultures provided with ␣-As 4 S 4 sequestered in dialysis tubing with a pore size of 12 to 14 kDa or 6 to 8 kDa indicates that the soluble form of As that is being oxidized by DS80 and that is supporting growth does not exhibit a size distribution over the range tested. Abiotic controls containing ␣-As 4 S 4 and Fe(III) in cultivation medium showed moderate levels of Fe reduction, as indicated by production of Fe(II), and As oxidation, as indicated by As(V) production (see Fig. S4 in the supplemental material). However, the levels of production of both chemical species were significantly lower than for biological controls ( Fig. 6A and B) . This suggests the possibility that cells were oxidizing As(II) released by the abiotic oxidation of ␣-As 4 S 4 by Fe(III). Importantly, neither SO 4 2Ϫ nor H 2 S was detected in abiotic and biotic experiments (data not shown). This suggests that the sulfur that was released via the oxidation of ␣-As 4 S 4 (by either biotic or abiotic mechanisms) likely ended up in the form of S 0 . This suggestion is made since other intermediate forms of sulfur that could have been produced, such as thiosulfate, polysulfides, or polythionites, are unstable in acidic solutions and tend to degrade to form S 0 and sulfite, the latter of which is also unstable and oxidizes to SO 4 2Ϫ (8) . The stoichiometry of oxidation of As(II) in ␣-As 4 S 4 via Fe(III) (Table 1) should result in production of 1 mol As(V) and 5 mol Fe(II) if the reaction proceeds as written, with S 0 forming as a metastable product during oxidation of sulfide and As(II) released during oxidation of the sulfide mineral subsequently being oxidized to As(V). The observed stoichiometry of the products As(V) and Fe(II) at the end of exponential phase was 5.93 Ϯ 1.04, which is within statistical error of the predicted stoichiometry (Table 1) .
DISCUSSION
Strain DS80 was capable of growth with mineral sources of oxidant and/or reductant in the form of S 0 , a variety of iron (hydr)oxides (ferrihydrite, goethite, and hematite [see Fig. S5 in the supplemental material]), and an arsenic sulfide (␣-As 4 S 4 ), consistent with the presence of these minerals in the hot springs from which DS80 and closely related Acidianus (Sulfolobales) strains have been isolated (e.g., Dragon Spring [21, 25] , NL_2 [20] , and Alice Spring [57] ). Previous studies have shown that members of the Sulfolobales are capable of using a variety of minerals to support metabolism; however, most of these studies focused on the role of strains in the oxidative dissolution of sulfidic ore minerals of economic interest (pyrite, sphalerite, and chalcopyrite) or the oxidation of S 0 (28) . Just a few thermoacidophiles, including strain DS80 (27) , Acidianus manzaensis (45) , Acidianus copahuensis (47), "Candidatus Aciduliprofundum boonei" (60), Sulfolobales strain MK5, and Acidicaldus strain MK6 (46) , have been shown to reduce soluble Fe(III) and couple this to growth. However, only Acidianus manzaensis (45) , Sulfolobales strain MK5, Acidicaldus strain MK6 (45), and Acidianus strain DS80 (27) have been shown to reduce iron minerals at high temperature and low pH.
The ability of strain DS80 to oxidize As(III) is consistent with the presence of aioAB genes encoding the arsenite oxidase in the DS80 genome (Amenabar et al., submitted). Homologs of these genes have been previously reported in the genomes of other members of the Acidianus genus, including A. hospitalis (58) and A. copahuensis (47, 61) . This study reports a thermoacidophile capable of oxidizing ␣-As 4 S 4 , either directly or indirectly, to support growth. Despite the broad range of YNP hot springs where soluble arsenic (see Fig. S2A , B, and C in the supplemental material) (15) and arsenic sulfides have been detected, arsenic-related geomicrobiology studies have focused largely on the oxidation of soluble forms of As in these environments (25, 42, (53) (54) (55) . Field studies have demonstrated biological arsenic oxidation in an acidic hot spring from YNP (25), and follow-on studies successfully isolated a Hydrogenobaculum (Aquificales) strain capable of oxidizing soluble arsenite (53) . The presence of microorganisms capable of metabolizing arsenic compounds, including insoluble arsenic sulfides, suggests a role for biology (including strain DS80) in modulating the oxidation state and mobility of this metal in geothermal environments.
Strain DS80 was shown to couple S 0 disproportionation to growth, revealing the occurrence of this metabolic process in both an archaeon and an acidophile. The demonstrated ability to reduce, oxidize, and disproportionate S 0 suggests that strain DS80 is well adapted to use this mineral to support metabolism. This observation, combined with the ability of this strain to use iron and arsenic minerals, potentially explains its widespread distribution across numerous springs with various assemblages of minerals. Arguably, the diverse assemblage of minerals capable of supporting growth of DS80 is comparable to those of Geobacter spp. and Shewanella spp., the bacterial models for understanding the mechanisms of mineral reduction/oxidation in microbial metabolism (36, (62) (63) (64) (65) .
The demonstrated use of multiple minerals to support metabolism of DS80 prompted experiments aimed at understanding mechanisms for how these cells access minerals during growth. Dialysis membranes were used to limit the access of cells to the surfaces of S 0 , iron, and arsenic sulfide minerals during growth. Like the thermoacidophile A. sulfurireducens (23) , strain DS80 did not require direct access to S 0 to use it as an electron acceptor ( Fig. 2A and B) . It was previously suggested that S 0 -reducing A. sulfurireducens cells were using a more soluble form of S 0 (nanoparticulate S 0 ) that existed in a range of particle sizes (23) . This nanoparticulate S 0 was shown to form through a series of biological/abiological feedbacks, whereby H 2 S resulting from the biological reduction of S 0 generates soluble linear chains of polysulfides (S x 2Ϫ where x represents 3 to 6 S atoms) through abiotic nucleophilic attack on bulk (stacked) S 8 0 rings. The S x 2Ϫ rapidly disproportionates abiotically under the acidic conditions of the cultivation medium, yielding soluble S 8 molecular rings (denoted as S 0 here) that rapidly aggregate or coarsen, reaching average particle diameters of 400 nm within several minutes of their disproportionation (23, 59) . Thus, the abiotic rates of S x 2Ϫ formation and disproportionation, the former of which is dependent on the rate of H 2 S produced by biological activity, and the kinetics of coarsening are likely to generate a distribution of soluble S 0 particle sizes during the incubation period that are available for use in metabolism. Consistent with this notion, the growth experiments with strain DS80 reported here and those reported previously for A. sulfurireducens (23) showed that the electron acceptor (i.e., nanoparticulate S 0 ) that supported growth exhibited an apparent size dependence, with higher rates of reduction and shorter generation times observed when S 0 was sequestered in dialysis membranes with larger pore sizes. These results suggest that a similar mechanism involving biological and abiological feedbacks likely supports S 0 -dependent growth in strain DS80 (Sulfolobales) and A. sulfurireducens (Desulfurococcales) (22) .
The mechanism of S 0 respiration with H 2 in Acidianus involves a short electron transfer chain comprising a membrane-bound S 0 reductase (SreABCD) and membrane-bound [NiFe]-hydrogenase complex (HynSL) (66) . Homologs of these proteins are encoded in the genome of strain DS80 (Amenabar et al., submitted), suggesting that it likely uses the same mechanism to respire S 0 . To our knowledge, there is no evidence for the involvement of extracellular enzymes in S 0 reduction in members of the Acidianus genus.
The requirement for direct access to S 0 differed depending on whether DS80 cells were using the mineral as an oxidant, as a reductant, or as both a reductant and an oxidant (disproportionation). Like DS80 cells grown via S 0 reduction, those grown via S 0 disproportionation (Fig. 4A, B , and C) did not require direct access to the mineral to use it in their energy metabolism, suggesting that the H 2 S formed through this process functioned to solubilize S 0 through a mechanism like what is described above for S 0 -reducing cells. However, unlike DS80 cells reducing or disproportionating S 0 , cells that were oxidizing S 0 required direct access to the mineral. The requirement for direct contact to S 0 to oxidize it is consistent with microscopic observations of cultures of other S 0 -oxidizing crenarchaeotes such as Sulfolobus spp., which were shown to be attached to S 0 crystals both in lab cultures and in samples collected from various hot-spring environments (67) . The results of the dialysis membrane experiments with cultures oxidizing S 0 , which show no growth or activity when S 0 is sequestered, also further substantiate the proposed mechanism for how cells access S 0 under reducing conditions, since the H 2 S needed to initiate the series of abiotic reactions that solubilize S 0 was incapable of being produced (23) .
The lack of detectable SO 4 2Ϫ in cultures of DS80 provided with H 2 /S 0 (data not shown) and the stoichiometry of the products formed during growth with S 0 /Fe(III) [to control for potential abiotic oxidation of H 2 S by Fe(III) and to discount that cells were growing via disproportionation] suggest that the presence of H 2 or Fe(III) favors growth via reduction or oxidation of S 0 , respectively, over disproportionation. This is likely a consequence of the energetic yields of these reactions, where the standard Gibbs free energy change (ΔG°) at 80°C for the H 2 /S 0 and S 0 /Fe(III) redox couples are Ϫ47.57 kJ mol Ϫ1 and Ϫ298.76 kJ mol Ϫ1 , respectively, in comparison to the thermodynamically unfavorable ΔG°of 121.71 kJ mol Ϫ1 for the S 0 disproportionation condition (ΔG°c alculations were performed as previously described [27] ). Consistent with the thermodynamic constraints for the S 0 disproportionation growth condition, initial attempts to cultivate strain DS80 via disproportionation failed (data not shown). To produce and maintain favorable thermodynamics in bacterial cultures growing via S 0 disproportionation at circumneutral to alkaline pH, other researchers have added compounds to scavenge sulfide, such as Fe(III) minerals (31, (33) (34) (35) . However, for reasons mentioned above, adding Fe(III) to cultures of DS80 designed to grow via the disproportionation condition would promote growth via S 0 oxidation and Fe(III) reduction (27) . To overcome this limitation, we maximized the headspace-to-liquid volume ratio in our cultures (while still allowing for enough volume for sampling) to keep aqueous sulfide concentrations as low as possible. In doing so, we maintained favorable thermodynamics for the reaction over the course of a cultivation cycle ( Fig. 4D) and were able to demonstrate this biological activity. This study reports a microbial strain that can reduce, oxidize, and disproportionate S 0 . The ΔG of the S 0 disproportionation reaction that sustained activity and cell production in cultures of DS80 ranged from Ϫ73.4 kJ mol Ϫ1 to Ϫ32.9 kJ mol Ϫ1 [Ϫ18.3 to Ϫ8.2 kJ (mol e Ϫ ) Ϫ1 transferred, respectively] (Fig. 4D ). This range of values is similar to those (Ϫ30 kJ mol Ϫ1 ) calculated for several bacterial strains growing via S 0 disproportionation (68) but is lower than the estimated value of Ϫ92 kJ mol Ϫ1 for two neutrophilic bacterial cultures (34) . Nonetheless, the ΔG for cultures of DS80 during the growth cycle is close to the minimum Gibbs energy yield of Ϫ20 kJ mol Ϫ1 suggested to be required to sustain microbial life (69), a value which is based on the energetics associated with formation of 1/3 of a mole of ATP from ADP and P i . Growth of strain DS80 would be expected to be more favorable in a natural, open system where products (i.e., H 2 S and SO 4 2Ϫ ) could be potentially exsolved, flushed from the system, or consumed by another member of the community.
DS80 cells grew via reduction of iron (hydr)oxide minerals without direct access to the mineral surface ( Fig. 5A and B) , albeit with lower rates and slower generation times than when provided with access to the surface. The increased iron reduction rates and generation times in cultures provided with direct access to iron oxide minerals suggest that cells can either directly reduce solid-phase iron minerals or promote their dissolution, leading to greater availability of Fe(III) ions for reduction. Fe(III) ions or complexes would be able to diffuse across the dialysis membrane, allowing for iron reduction activity without direct access to the mineral, albeit at potentially lower rates due to diffusional constraints. Consistent with the hypothesis that cells are reducing soluble Fe(III) ions, growth assays indicated that the soluble form of iron that supports iron reduction does not exhibit a size distribution. Iron-bearing minerals are more soluble under acidic conditions, with the minimum solubilities typically observed in solutions with neutral to alkaline pH (70) . We suggest that under acidic conditions, such as those present in the environments where Acidianus strain DS80 and related strains have been detected, microorganisms are poised to reduce soluble Fe(III) ions leached from precipitated iron minerals through a proton-promoted dissolution mechanism (70) . Consistent with the notion of cells reducing a solubilized form of Fe and not the bulk mineral, microscopy indicates that DS80 cells are not obligately associated with ferrihydrite when they are given access to the mineral (27) .
Observations indicating that DS80 cells are likely reducing a soluble form of Fe(III) prompted additional experimentation aimed at characterizing the effect of Fe(III) mineral solubility on the rate of Fe(III) reduction. Cells of strain DS80 utilized a variety of Fe(III) sources as electron acceptors, including ferric sulfate, ferrihydrite, goethite, and hematite (see Fig. S5 in the supplemental material). Rates of Fe(III) reduction when autotrophically grown cells were supplied with ferric sulfate, ferrihydrite, goethite, and hematite as an electron acceptor and S 0 as an electron donor were 2,532 Ϯ 450 nmol h Ϫ1 , 238 Ϯ 1 nmol h Ϫ1 , 93 Ϯ 4 nmol h Ϫ1 , and 39 Ϯ 2 nmol h Ϫ1 , respectively. These rates of Fe(III) reduction were broadly consistent with the equilibrium solubilities of the different iron sources tested, i.e., ferric sulfate Ͼ ferrihydrite (K s ϭ 3.55) Ͼ goethite (K s ϭ 0.36) Ͼ hematite (K s ϭ Ϫ0.53) (70), with higher rates of reduction with poorly crystalline ferrihydrite than with crystalline hematite. With the data collected, it is difficult to deconvolute whether this decrease in Fe reduction rate with increased mineral crystallinity is due to an increased ease by which electrons can be deposited into poorly crystalline mineral lattices, as has been shown for a Shewanella alga strain (71), or whether this is due to increased reduction of soluble Fe(III) ions due to differences in mineral solubility. Nonetheless, the ability to reduce both soluble and insoluble Fe(III) is advantageous in acidic hot-spring systems, since both Fe(III) ions (see Fig. S1C in the supplemental material) (15) and a variety of Fe oxides are often available in these systems (41, 42, 72) .
Strain DS80 was shown to grow via oxidation of the arsenic sulfide mineral ␣-As 4 S 4 without direct access to the mineral surface ( Fig. 6A, B , and C) when Fe(III) served as an electron acceptor. This suggests the possibility of an abiotic oxidative dissolution mechanism catalyzed by Fe(III) ions in providing soluble As to support the growth of DS80. Abiotic oxidation of ␣-As 4 S 4 in the presence of O 2 has been shown to yield As(III) and As(V), with As(III) as the dominant species (73) . Like O 2 , Fe(III) is also known as a strong oxidant under acidic conditions and has been shown to increase the rates of oxidation and dissolution of the arsenic sulfide mineral arsenopyrite (74) . However, the influence of Fe(III) ions on the oxidative dissolution of other As-bearing sulfides such as ␣-As 4 S 4 has not been investigated in detail (74) . Zhang et al. (75) showed that the leaching rate of As from ␣-As 4 S 4 increases in cultures of the acidophilic bacterium Acidithiobacillus ferrooxidans grown with Fe(II) as an electron donor compared to cultures not provided with Fe(II). This observation was attributed to the formation of Fe(III) during growth of A. ferrooxidans, since abiotic experiments indicated that Fe(II) did not have any effect on the rate of oxidation of ␣-As 4 S 4 . The oxidative dissolution of ␣-As 4 S 4 by Fe(III) has been reported to yield both As(III) and S 0 as products (75), consistent with our observation that neither SO 4 2Ϫ nor H 2 S was formed during growth with ␣-As 4 S 4 as the sole electron donor. The observation that cells of strain DS80 were not able to oxidize ␣-As 4 S 4 when O 2 was provided as an electron acceptor but could oxidize As(III) when O 2 was provided as electron acceptor suggests that the rate of O 2 -promoted oxidative dissolution of ␣-As 4 S 4 to yield soluble components capable of serving as electron donor was not high enough to support growth. This is consistent with the observation that Fe(III) ions are more efficient in extracting electrons from metal sulfide lattices than O 2 (76, 77) . In addition to Fe(III) ions, ␣-As 4 S 4 could also be solubilized by protons, resulting in the leaching of As from the mineral and the formation of S 0 via intermediary polysulfides (78) . However, this second mechanism of proton-promoted ␣-As 4 S 4 dissolution is discounted, since cells were not able to grow with O 2 as an electron acceptor and since polysulfides are unstable in aqueous solutions with pHs of Ͻ6.0 (79-81).
Conclusions. The evidence presented here indicates that strain DS80 can use a wide spectrum of redox-active minerals that are commonly identified in acidic hot springs to support cell growth and metabolism. These observations may help to explain the apparent widespread distribution of this and related strains across broad temperature, pH, and mineralogical gradients in hot springs. Other Acidianus strains may be equally flexible in their mineral-dependent metabolism, which may help to explain the widespread distribution of this genus in geochemically diverse hydrothermal environments in YNP and in other hydrothermal fields, including both terrestrial and marine thermal sites (45, 47, (82) (83) (84) .
The demonstrated ability of DS80 to grow via transformation of minerals suggests that it likely influences the chemical composition of its hydrothermal environment. As an example, there is no direct evidence that Fe(III) reduction is occurring in the iron (hydro)oxide depositional zone in Dragon Spring; however, the limited accumulation of iron (hydr)oxide (Ͻ1-cm depth in many regions) suggests that Fe(III) reduction or proton-promoted dissolution must be an important component of the Fe cycle in these microbial mats (21) . The ability of strain DS80 to reduce iron minerals with either H 2 or S 0 under conditions mimicking those of the spring environment may explain the limited accumulation of iron (hydr)oxide observed in Dragon Spring. The same could be true for S 0 , where we have observed rain events where the entirety of the S 0 mats present in Dragon Spring were flushed out of the system, only to reappear within the next several days. This suggests that the rate of S 0 precipitation, which must be high, is likely to be balanced by the rate of utilization by strains such as DS80 or other S 0 -reducing/disproportionating populations identified in this spring (22) or by natural flushing of the flocculent mineral.
Strain DS80 was shown to reduce, oxidize, and disproportionate S 0 , indicating that the strain is adapted to grow in sulfur-rich hot-spring habitats where the availabilities of electron donors (e.g., H 2 ) and electron acceptors (e.g., ferric iron) are likely to vary, both spatially and temporally (85) . Growth of strain DS80 under disproportionating conditions was observed under conditions approaching thermodynamic equilibrium [Ϫ18.3 to Ϫ8.2 kJ (mol e Ϫ ) Ϫ1 transferred], and this value was strongly dependent on the concentration of dissolved sulfide. This underscores the importance of sulfidescavenging mechanisms, either biological or abiological, in natural environments in maintaining the thermodynamic favorability of this process. Sulfide exsolving from the local environment (the pKa of H 2 S is 6.4 at 80°C [5] ) is also likely to be an important process allowing for disproportionation to remain thermodynamically favorable under natural conditions. This study reports the occurrence of S 0 disproportionation in an acidophile and in an archaeon, thereby broadening the taxonomic and ecological space for where this process is of putative importance. In addition, this study reports a themoacidophilic microorganism capable of oxidizing ␣-As 4 S 4 , albeit indirectly, to support its growth.
Different minerals and different modes of metabolism imparted different requirements for surface access during growth. Cells reducing iron minerals did not require access to those minerals to support growth, presumably due to leaching of Fe(III) ions by the acidity of the growth medium, although growth and iron reduction activities were higher when direct access to the mineral was provided. Cells oxidizing S 0 required direct access to the mineral, whereas those reducing or disproportionating S 0 did not. A series of abiotic and biotic reaction feedbacks involving the biological production of H 2 S, the formation of unstable S x 2Ϫ , and the coarsening of nanoparticulate S 0 are implicated in explaining these differences. Importantly, the interplay between the biological and abiological kinetics of reactions involving Fe, S, and As compounds likely influences their bioavailability for use in microbial metabolism; more work is needed to identify the rate-limiting step in these proposed mechanisms and to determine if and how this constrains the activity of microbial populations. We suggest that a similar interplay of biotic-and abiotic-catalyzed processes is taking place in hot-spring environments and that together they increase the availability of minerals capable of supporting microbial metabolism and growth.
MATERIALS AND METHODS
DNA extraction and PCR amplification of the sulfur oxygenase reductase (sor) gene. Sediments from 73 thermal features in YNP were collected aseptically as previously described (86) . Sampling sites were chosen to include a wide range of temperature and pH combinations available in the thermal features of YNP as well as to sample geographically distinct areas of the park. The pH and temperature of each thermal feature were measured on-site with a YSI pH100CC-01 pH meter and a YSI EC300 conductivity meter (YSI, Inc., USA), respectively. Genomic DNA was extracted from approximately 100 mg of sediment using the FastDNA spin kit for soils (MP Biomedicals, Santa Ana, CA). Genomic DNAs from five isolates (see below and the supplemental material for descriptions) were also extracted using this kit. The concentration of DNA in the extract was determined using a Qubit 2.0 fluorimeter (Invitrogen, Carlsbad, CA, USA) and a Qubit double-stranded DNA (dsDNA) HS assay kit (Molecular Probes, Eugene, OR, USA).
DNA extracts were subjected to PCR amplification of archaeal and bacterial 16S rRNA genes. PCR amplification of 16S rRNA genes was performed according to previously described protocols (87, 88) using archaeal primers 344F (5=-ACGGGGYGCAGCAGGCGCGA-3=) and 915R (5=-GTGCTCCCCCGCCAATTC cells and minerals was allowed (when S 0 , ferrihydrite, or ␣-As 4 S 4 was not sequestered) were performed in the presence of dialysis membranes (12 to 14 kDa) to account for the potential interactions between cells, membranes, and/or minerals.
Evaluation of growth and activity. The growth and activity of strain DS80 with different electron donors and acceptors were quantified in terms of cell density and production of total sulfide (S 2Ϫ ; proxy for S 0 reduction or disproportionation), production of sulfate (SO 4 2Ϫ ; proxy for S 0 oxidation or disproportionation), or production of ferrous iron [Fe(II); proxy for Fe(III) reduction] using methods previously described (27) . Dissolved sulfide concentrations were determined with the methylene blue reduction method (90) . Total sulfide production (dissolved and gaseous) was calculated using standard gas-phase equilibrium calculations as described previously (22) . The concentration of ferrous iron was determined using the Ferrozine method (91) , and the concentration of sulfate was determined after precipitation with barium chloride, as previously described (92) . The concentration of As(V) [proxy for As(III) oxidation] was determined by colorimetry after its complexation with molybdate, as previously described (93) .
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